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We present terahertz quantum cascade lasers operating at a defect mode of a photonic crystal bandgap.
This class of devices exhibits single mode emission and low threshold current compared to standard metal-
metal lasers. The mode selectivity is an intrinsic property of the chosen fabrication design. The lower lasing
threshold effect, already reported in photonic crystal quantum cascade lasers, is further enhanced in the
ultra-flat-dispersion defect line. The presented results pave the way for integrated circuitry operating in the
terahertz regime and have important applications in the field of quantum cascade lasers, spectroscopy and
microcavity lasers.
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Quantum cascade lasers (QCLs) are well-established,
compact semiconductor sources of coherent infrared and
terahertz (THz) radiation. The fact that the vibrational
and rotational resonances in many molecules lie in the
THz region makes QCLs very attractive devices for ap-
plications in imaging1, spectroscopy, and sensing2. These
applications require a well defined single frequency mode
of operation. However, typical THz QCLs exhibit a band-
width of about 200GHz, which results in Fabry-Pe´rot
multi-mode lasing, as the ridge length is of the order
of millimeters. Traditionally, single mode operation has
been achieved by engineering frequency selective devices,
such as distributed feedback resonators3,4. This concept
has been extended in two dimensions by implementing
photonic crystals5 (PhCs) for vertical emission, and for
in-plane emitters by placing photonic crystals in front of
laser facets6. All these approaches increase the laser cur-
rent threshold by introducing extra radiative channels.
Keeping the threshold low and therefore achieving high
wall-plug efficiency is crucial in limited electrical power
environments, such as satellites, where THz QCLs serve
as local oscillators in heterodyne receivers7.
Photonic crystals have proven to be a particularly in-
teresting design concept for THz QCLs. Our approach
is similar to what has been reported in Refs. 8–10. It
is based on etching pillars in the active region and con-
necting them electrically with a metallic top layer. By
using similar techniques, we demonstrate a series of de-
fect line THz QCLs. The presented devices exhibit sin-
gle frequency emission and low current threshold density
Jth compared to double metal (MM) QCLs of equivalent
area which display multi-mode operation. Lasing occurs
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in the defects, and the frequency is fully tunable by mod-
ifying the size of the pillars. Our novel waveguide design
can readily be extended to integrate QCLs in photonic
circuits — the defect line can be engineered to point in
arbitrary directions or to include lossless bends. This is
not possible in QCL ridges or omnidirectional PhCs. Fi-
nally, the defect line architecture is an excellent platform
to study fundamental effects such as slow light or Purcell
enhancement. To the best of our knowledge, this is the
first demonstration of a defect line QCL.
In QCLs, intersubband selection rules define the out-
going light’s polarization as TM. A lattice of high re-
fractive index pillars in a low index medium gives rise
to a TM photonic bandgap. We chose the triangular
lattice, which results in the widest possible bandgap11.
The size of the gap depends on two factors: firstly, on
the refractive index contrast between the pillars and the
surrounding medium and secondly, on the ratio of pil-
lar radius to the lattice constant (r/a, see Fig. 1). The
refractive index of the columns is defined by the active re-
gion material (GaAs/AlGaAs); we assumed the effective
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FIG. 1. A SEM picture of the defect QCL after reactive ion
etching and before BCB planarization. The pillars are∼14µm
tall. The Au/Ni mask can be seen on top of the pillars.
2index nAR = 3.6. We opted to planarize the structure
with benzocyclobutene (BCB), which allows for a rela-
tively simple fabrication while maintaining a significant
contrast as nBCB = 1.55. For these refractive indices, the
maximum achievable relative band gap ∆ω/ω0 is ∼ 0.3
at r/a = 0.25, where ω0 is the frequency in the middle
of the gap. For ω0 = 2π·2THz, this corresponds to the
absolute gap width of 0.6THz. Leaving air in between
the pillars would offer a higher contrast and a bigger gap
(1THz). This approach, although feasible9, would po-
tentially be less mechanically stable.
Bound-to-continuum QCL active region designs are
known to have low thresholds and therefore were cho-
sen for this work. A bound-to-continuum design with
central frequency around 2THz12 was chosen because of
continuous wave operation and low Jth ≃ 100A cm
−2.
In order to place the middle of the gap around 2THz,
we set the lattice constant a = 42–46µm. The frequency
range between 2THz and 3THz is particularly interest-
ing for gas spectroscopy, as numerous molecules exhibit
rotational and vibrational resonances in this frequency
region. We decided to work on the lower frequency limit
of this range due to less stringent fabrication accuracy
requirements.
Introducing a series of defects in the photonic lattice
allows for wave guiding, due to the conservation of crystal
momentum11. The defects pull down optical modes from
the air band or push up modes from the dielectric band
into the band gap, depending on whether their radius is
larger or smaller compared to the surrounding pillars. A
preferred monopole mode, whose electric field peaks in
the defect, can be achieved by reducing the size of the
pillars. This is unfortunate, as it reduces the amount of
active gain material. However, for a large refractive index
contrast and a certain range of R/a ratio, larger defects
can support higher order modes. For the chosen contrast
(3.6:1.55) and defect radius (54–62µm), four modes exist:
dipole, quadrupole, monopole and hexapole (Fig. 2c, d,
e and f, respectively). The “monopole” mode is in fact a
superposition of higher order modes. It has a strong elec-
tric field concentration in the defect, which makes it an
ideal candidate for the lasing mode in a pillar-based de-
fect line. The dipole and quadrupole are degenerate due
to the symmetry of the crystal. The photonic band struc-
ture of the triangular lattice as well as the defect modes
were calculated with MIT Photonic Bands software13. In
order to simulate the defect line, we used a supercell (a
defect pillar surrounded by four smaller pillars on each
side) with periodic boundary conditions. Since the mode
is confined vertically by two layers of metal, we simplified
the problem to two dimensions, assuming infinite height
of the pillars. The results of these simulations are shown
in Fig. 2.
In order to quantify the energy concentration of the
modes in the active material, we define the overlap as
Γ =
∫
AR
ǫ‖E‖2
∫
ǫ‖E‖2
, (1)
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FIG. 2. a: Photonic structure of the defect laser for the defect
diameter R = 31µm, small pillar diameter r = 11 µm, lattice
constant a = 44µm (r/a = 0.25). Solid lines represent the
air and dielectric band edges. The dashed lines between them
show different modes allowed in the defect pillars. Inset: The
yellow bracket spans the bandwidth of a reference MM device
from the same active region. The brown bracket is shown at
the measured emission frequency (taking into account FTIR
resolution of 0.25 cm−1), which is in good agreement with the
calculation. The direction of the defect line corresponds to
ΓM direction in reciprocal space. b: Frequency dependence
of the defect modes on R/a. The horizontal bands on top and
bottom represent the air and dielectric bands, respectively.
The right axis shows absolute frequency for the chosen a.
The dashed line marks the R/a ratio of the simulation in the
top figure. Electric field intensity are shown for c: dipole d:
quadrupole e: monopole f: hexapole.
where the integration in the numerator is over the pil-
lars (active region) only, and the denominator is over the
whole supercell, ǫ is the dielectric constant and ‖E‖ is the
norm of the electric field. Γ for the monopole is approx-
imately 0.89 and for the closest other mode — hexapole
— it is only 0.7. Only these modes fall within the band-
width of the active medium, therefore we assume that
the monopole (Fig. 2 c) is the emitted mode. It exists
only in a short range of defect radii from R = 0.58a to
R = 0.7a (bigger defects would touch the surrounding
small pillars), which corresponds to 25.5µm and 31µm,
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FIG. 3. Light-current-voltage comparison between a defect
and a MM device. Threshold current density estimated with
this method is 150A cm−2, which is 30% lower than MM Jth.
A much narrower dynamic range of the defect laser is an in-
dication of single mode operation. The light intensity is not
shown to scale, for clarity. Inset: Far-field emission pattern
of the defect laser taken at 18mm from the facet. It is highly
divergent due to interference and impedance mismatch at the
facet, where active region pillars in a BCB matrix open into
the free space.
respectively, for the chosen a = 44µm. The frequency
of the monopole in this region ranges from 2.08THz to
1.94THz, respectively.
We fabricated the defect line QCLs from a bound-
to-continuum active region emitting at 2THz, with a
bandwidth of ∼100GHz12. It was wafer-wafer bonded
to a GaAs substrate, which was subsequently polished
and etched, as is done routinely for MM processing. A
metal mask was defined by means of optical photolithog-
raphy, and layers of Ti/Au/Ni (10 nm/500nm/100nm)
were thermally evaporated. Nickel served as a sacrifi-
cial layer for the reactive ion etching (RIE) process. The
∼14µm-tall pillars were etched in a JLS Designs RIE80
tool, using SiCl4 : Ar process gases in 6:10 sccm propor-
tion. The etch rate was ∼100nm/min. Next, BCB was
spun and cured, as described in Ref. 14. In order to
clean the top of the pillars from BCB and obtain a flat
BCB surface around the pillars, the polymer was etched
down chemically in O2 : CHF3 (30:20 sccm) atmosphere.
Finally, the top Ti/Au (10/300nm) contact was evap-
orated, the lasers were cleaved and mounted on copper
blocks for efficient heat extraction. The reported devices
were 0.5–0.7mm long and ∼0.2mm wide. The reference
MM laser was cleaved into a ridge of a comparable area,
1mm× 85µm.
Here we report on four fully characterized devices with
different defect radii (R) and distances between defects
(D). Their performance is summarized in Table I. Fig-
ures 3 and 4 show the results for one representative de-
vice (the top defect device in the table). We acquired the
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FIG. 4. Measured frequency spectra of a defect laser (top)
and a reference MM device (bottom).
light-current-voltage (LIV) characteristics with a Tydex
Golay cell and a lock-in amplifier gated at 9 Hz. The
pulse generator that we used allowed us to test the laser
with pulses from 10 kHz to 150kHz and the duty cycle
from 3% to 70% (pulse widths of 200ns – 70µs) — all de-
vices lased throughout these ranges of parameters. The
frequency spectra were acquired with a Bruker Fourier
Transform Infrared spectrometer (FTIR), using a liquid
helium cooled bolometer as the detector.
The light intensity curves already show signs of mode
selectivity — a narrower and more uniform dynamic
range than in MM devices. This was confirmed by the
FTIR spectra (Fig. 4). All of the fabricated defect QCLs
were single mode, as expected from simulations. More-
over, by varying the size of the defect pillar, we were able
to tune the emission frequency. The biggest defects gave
rise to emission at 1.89THz, whereas the smallest ones
resulted in lasing at 1.97THz (see Table I). It should
be noted that the monopole mode only exists within the
photonic bandgap for a certain range of R/a ratios, and
the achieved emission frequencies are at the limits of this
range. In order to select a mode outside of this range,
the whole PhC structure (small pillars and defects) would
have to be scaled. The only limitation for scaling is the
resolution of photolithography. Covering the whole THz
region (1THz to 10THz) only requires features with size
of the order of micrometers, which do not pose techni-
cal challenges. We attribute the difference in bias of the
compared lasers in Fig. 4 to the composition of the top
contact as well as the complexity of electronic transport
in the defect laser.
The calculation of Jth in photonic crystal lasers is a
non-trivial task10. Because BCB is an electrical insula-
tor, the current only flows through the pillars. However,
the non-uniform concentration of the optical mode in the
defect affects electronic transport. The authors of Ref. 8
estimated Jth by aligning current-voltage (IV) curves of
a PhC device with a metal-metal (MM) reference laser.
4Type R (µm) r (µm) f (THz) Jth (area) (A cm
−2) Jth (IV) (A cm
−2) Jpeak (area) (A cm
−2) Tmax (K)
MM 1.88 – 1.96 220 310 75
D1 27± 1 10± 1 1.97 130 190 140 50
D1 31± 1 11± 1 1.89 230 205 270 60
D5 28.5 ± 1 10.5 ± 1 1.92 135 160 165 65
D5 28.5 ± 1 11± 1 1.96 100 150 190 50
TABLE I. Measured properties of four different defect line lasers and a reference MM device. Higher emission frequencies are
consistent with lower defect radii, which were measured with an SEM. We attribute the higher Jth of the third device to the fact
that the top contact did not completely cover the photonic crystal, giving rise to radiative loss from the top of the structure.
The active region that they used exhibited a pronounced
feature in pre-threshold transport which served as the
aligning point. The bound-to-continuum active region
that we used did not show similar features. Instead, we
aligned the slope of the defect and the reference MM IV
curve pre-threshold. Using this method on a representa-
tive defect device, we calculated Jth = 160A cm
−2. This
figure is 30% lower than the reference MM device, where
Jth = 220A cm
−2. This method of threshold estimation
is illustrated in Fig. 3 — the MM data are plotted in
their raw form, but the defect results were artificially
shifted in order to match the pre-threshold slope of the
two IV curves. The alternative and perhaps more in-
tuitive way to calculate current density is to calculate
the area of all pillars covered by the top Ti/Au contact
and to divide the driving current (read from a current
probe) by this value. The results are commensurate with
the first method, and for the same representative device
we obtained Jth = 130A cm
−2, corresponding to a 40%
reduction compared to the MM reference.
The maximum operating temperature was only
slightly lower than that of the reference MM device
(Tmax(defect) =50–65K vs. Tmax(MM) = 75K). We at-
tribute this effect to the BCB having a lower thermal
conductivity than GaAs, which hampers heat extraction
from the pillars.
Defect line QCLs have a much smaller effective las-
ing volume than ridge lasers — defect pillars only take
about 10% of the device. Because of this, the peak out-
put power from defect devices was an order of magnitude
lower than that of MM lasers (Pdefect = 0.45–23µW vs.
PMM = 150µW). This could be addressed by increasing
the density of defect pillars, i.e. reducing the distance
between consecutive defects in line.
The theoretical framework to describe defect line res-
onators was laid out by Yariv and others15. The group
velocity vg of light propagating in the big pillars is pro-
portional to the coupling strength of adjacent defect cav-
ities. Reducing vg increases the effective refractive index,
which in turn leads to a higher electromagnetic field con-
centration and enhances the gain. Jth should decrease
proportionally to the group velocity. We propose this
so–called slow light effect as the main mechanism re-
sponsible for Jth reduction in our devices. In hope of
quantifying this effect, we fabricated lasers with differ-
ent distances between defect pillars. According to sim-
ulations, the dispersion of the defect modes ranges from
ultra-flat for weakly coupled (D5, five rows of small pil-
lars in between consecutive defects, as in Fig. 1) to steep
for highly coupled (D1, one row) defects. However, with
the few devices that we characterized, we did not see a
correlation between defect coupling and Jth. In order
to better quantify this effect, more precise fabrication
would be required, as small imperfections are detrimen-
tal to achieving ultra-flat dispersion.
Another effect which may play a role in Jth reduction
is Purcell enhancement, which modifies the local density
of states of photons in a microcavity. This phenomenon
has been proposed as a way to cut radiative emission life-
times and therefore decrease Jth
16. The magnitude of the
effect is proportional to (λ/n)
3
V , where λ is the free space
wavelength of emitted light, n is the refractive index of
the material, and V is the volume of the laser cavity. For
one defect pillar and the wavelength of 150µm, this ra-
tio is around 2, which suggests a measurable reduction
of lifetimes. The shortest device that we characterised
comprised only three defects, but it is entirely possible
to fabricate a single-defect microcavity. The exploration
of the Purcell effect is beyond the scope of this article.
The demonstration of the defect line opens up a range
of interesting possibilities in waveguide design. Be-
cause the small pillars around the defect form a lossless
mirror, it would be possible to fabricate curved defect
lines15. This would lift the long-standing constraint of
QCLs emitting in-plane, namely rectangular ridges. Such
curved devices could be more easily integrated in THz
circuitry.
In summary, we presented a defect line THz QCL. Its
advantages include single mode operation, low threshold
current density, directionality and tunability. The re-
sults of our experiments are in excellent agreement with
PhC theory. This waveguide architecture serves as an at-
tractive platform to study the fundamental phenomena
responsible for threshold reduction, namely the slow light
and Purcell effects. Defect line QCLs are ideal candidates
for THz applications where high wall-plug efficiency and
mode selectivity is crucial.
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